Experimental techniques are proposed for developing a model to estimate structural vibrations induced by internal acoustic pressure at low frequencies. In these methods, the acoustic field and the structure are treated as a coupled system with the acoustic loading effect taken into account. The response model between the internal pressure and the surface vibration is established by a modified modal test on the coupled system. Experiments are performed to investigate the surface vibrations of a closed steel cylindrical shell excited by a loudspeaker inside. The experimental results show that developed techniques provide accurate estimation for the acoustically induced vibrations. ¸
INTRODUCTION
Sound-structure interaction phenomena exist in many engineering applications. Examples include chimney stacks, heat exchangers, combustion chambers, 1'2 window-room systems, 3 vehicle cabins, 4'5 gas circulators in nuclear reactors, 6 and piping systems. ? In these examples, a feedback loop exists between the fluid and the structure to cause dynamic instability. For instance, interior pressure oscillations could induce severe vibration of a combustion chamber, which is very damaging to engine performance. Acoustically induced vibration may cause failure of structural components. It is then highly desirable to estimate the responses at the design stage.
Experimental techniques are proposed for developing a model to estimate structural vibrations induced by internal acoustic pressure at low frequencies (below 400 Hz, where modal density is sufficiently low to admit modal analysis). In the analysis, the response of the structure is described with displacements, while the state of the acoustic volume is described with pressures. For simple systems, the modal characteristics of the individual subsystems can be obtained either analytically or numerically, which can then be combined into a coupled system by using modal synthesis techniques. 8-12 For complex systems where analytical and numerical methods may not always be possible, one has to resort to experimental approaches. Yet this poses another difficulty of being unable to completely remove the coupling between the acoustical and structural subsystems. This paper presents two experimental methods entitled the resonant system technique and the coupled system technique for estimation of acoustically induced vibrations. These two methods are based on the reformulated orthogonality condition proposed by Ma. 13'14 The required modal properties of the structure are identified in advance by an experimental modal analysis procedure. •5-19 The experimental techniques are well suited for the applications where acoustically induced vibrations are desired, but direct measurement of vibrations may not always be feasible. In the methods, the acoustic field and the structure are treated as a coupled system, with fluid loading taken into account. The response model between the internal pressure and the surface vibration is established by a modified modal test on the coupled system. The vibration of the structure is then estimated by the response model of the coupled system. The difference between the resonant system technique and the coupled system technique lies in the fact that the former applies to only resonant frequencies, whereas the latter applies to bandlimited Gaussian signals. It should be pointed out that the developed methods are intended mainly for lowfrequency analysis (even for bandlimited Gaussian signals) since the low-frequency responses are generally predominant in the overall response. Should one be concerned with highfrequency responses (e.g., above the Schroeder's cutoff) where high modal density precludes a meaningful use of modal analysis, statistical energy analysis 8 (SEA) is probably more adequate for this purpose. Another note is concerned with the rotational degrees of freedom (DOF) which are not considered in the following presentation. This is because not only are they difficult to measure but they also have negligible effects on the structural response induced by inviscid acoustic media.
Experiments are conducted to investigate the surface vibrations of a closed steel cylindrical shell excited by a loudspeaker inside. The performance and the limitations of the estimation methods are compared and discussed.
I. THEORY AND METHODS

A. The resonant system technique
Fluid loading is present between a vibrating surface (excited either mechanically or acoustically) and the medium in contact with the structure. If the fluid volume is unbounded, The energy is not dissipated, but is constantly circulating between the acoustic volume and the containing structure. This mechanism leads to the gyrostatic effect in the coupled system. 8
Consider the equation of motion of a fluid-filled planar structure subjected to acoustic excitation. The relation between the acoustic pressure and the surface velocity of the structure can be expressed in temporal frequency and spatial frequency domains as (6) and (iii) the orthogonality condition for the coupled systems is given as
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where Bij is the Kronecker delta. The orthogonality and mass-normalization condition for the coupled system can be expressed as
•TKtI)=[\tor2X] and •TMcI)= I.
Using Eq. (9), the receptance matrix of the coupled system can then be written as -2 to2 •T.
Y=(K-to2M) •=(I)[\l/(tor --)\] (lO)
Up to this point, no allowance can be made for dissipation mechanisms in the structure or the external field. It is then common practice to employ ad hoc damping terms 8 into Eq. Once the modal model is established, the dynamic response of each DOF at any resonant frequency can in principle be calculated based on the mode shape that represents the relative magnitudes at that particular frequency. Note that this is not the case for nonresonant frequencies because at any of these frequencies all modes contribute to the total response and the relative amplitude is not a simple ratio. 
B. The coupled system technique
where Y is the FRF matrix of the coupled system. If there are n and m DOFs for the structure and the acoustic field, re-
spectively, then the dimension of Y is (n + m) x (n + m).
Equation ( To calculate the mode shapes of the coupled system, it suffices to measure only one column or one row of the FRF matrix. acoustic fields are desired, but direct measurement of vibrations is not feasible. For complex problems where analytical or numerical approaches are prohibitive, the proposed experimental techniques serve as simple but useful alternatives.
